A range of actinomycetes and Mycoplana strains were screened for nitrogenase activity. No positive results were obtained with actinomycetes, although some grew on media without added combined nitrogen. In contrast, most Mycoplana strains showed nitrogenase activity. Although the strains were unable to grow in anaerobic conditions, sustained nitrogen fixation required microaerobic conditions. The relationship of Mycoplana to actinomycetes is discussed.
INTRODUCTION
It has been known for many years that actinomycete-like organisms fix dinitrogen in the nodules of various non-leguminous plants. These organisms have been placed in the genus Frankia.
Several successful isolations of Frankia endophytes have been reported, for example from Comptonia peregrina (Callaham et al., 1978) , Alnus glutinosa (Quispel & Tak, 1978) , Myrica pensyluanica (Lechevalier & Lechevalier, 1979) , Elaeagnus umbellata , Alnus viridis and A. rubra (Berry & Torrey, 1979) . With the exception of the Elaeagnus umbellata isolate, all were shown to re-infect host plant seedlings and produce effective N,-fixing root nodules. Most current information on dinitrogen fixation by Frankia has come from studies with particulate nodule homogenates Van Straten et al., 1977; Benson & Eveleigh, 1979) , or active cell-free extracts of actinorhizal roots . However, recently, nitrogenase activity has been demonstrated in vitro in pure cultures of Frankia (Tjepkema et al., 1980; Gauthier et al., 1981) .
In contrast, there is no definitive evidence for nitrogenase activity in free-living actinomycetes. Dinitrogen fixation by Nocardia calcarea and N. cellulans was reported by Metcalfe & Brown (1957) but this was repudiated by Hill & Postgate (1969) . Unequivocal evidence for nitrogenase activity in an organism originally called Mycobacterium flavum was obtained by Biggins & Postgate (1969) . However, subsequent studies showed that M.J-lauum was incorrectly classified as an actinomycete (Biggins & Postgate, 1971) and it was renamed XanthobacterJEavus, a new species of the hydrogen bacteria (Malik & Claus, 1979) .
In this study we have tested a range of free-living actinomycetes for nitrogenase activity under various experimental conditions. Mycoplana species were also included as they have been regarded as members of the Actinomycetales because of their abundant branching (Sukapure et al., 1970) .
METHODS
Test organisms and inoculumpreparation. The actinomycetes were stored as spores or mycelial macerates in 10% (v/v) glycerol at -20 "C (Wellington & Williams, 1978) . Actively growing cultures were produced by inoculation of the thawed glycerol suspensions on to nutrient agar (Oxoid no. 3) or oatmeal agar (Kuster, 1959) . The Mycoplana strains were stored as freeze-dried samples and activated by inoculation on to Bennett's medium (Jones, 1949) solidified with 1 % (w/v) agar. Cultures were incubated at 28 "C for 3 to 7 d to provide the inoculum for studies on growth and nitrogenase activity.
Initial screeningfor nitrogenase activity. The medium designated AM50, contained (g 1- All test strains were initially inoculated into liquid AM50 medium in 100 ml Erlenmeyer flasks and incubated at 28 "C with shaking. After 7 to 10 d growth, these cultures were used as inocula in screening experiments for nitrogenase activity as follows. Inocula of all the test strains were streaked on to slopes of AM50 and AM0 media contained in McCartney vials fitted with serum caps and grown under pO2 of 0 , O . W 0*05,0.10 and 0.20 atm (1 atm = 101.32 kPa) in N2. The gas phase in each vial was renewed every day. In addition, the test strains were also inoculated into AM0 and AM50 liquid media and incubated aerobically as static and shake cultures. After 2,5, 10 and 15 d incubation, the presence or absence of growth was noted and nitrogenase activity determined.
A modified acetylene reduction technique was used to estimate nitrogenase activity (Stewart et af., 1971). Samples (3 ml) from liquid cultures were transferred (with minimum disturbance), to McCartney vials fitted with serum caps. Cultures already growing in vials were assayed in situ. Acetylene was injected into the vials to 10% (v/v). They were then incubated at 28 "C on an orbital shaker (8CF120 rev. min-', 2-3 cm amplitude) except for samples of the static-grown liquid cultures, which were gently swirled immediately after the addition of acetylene and then left to stand. Vials containing either samples of the test organisms or pure media, to which no acetylene had been added, were also incubated under the various experimental conditions. These controls were to check for any extraneous ethylene production. After 1,6 and 24 h, 1 ml samples of the gas phase in each of the vials were removed and analysed for ethylene and acetylene using a Perkin-Elmer F11 gas chromatograph (oven temperature 60 "C) fitted with a 0.5 m 80-100 mesh Porapak T column.
5N tracer studies. One of the strains which gave a positive reaction with the acetylene reduction test (Mycopfana dimorpha LL-C4) was selected for confirmatory testing using the 5N tracer technique. The methods of Rai (1980) were used for the exposure of 15 ml samples of aerobic static-grown liquid cultures (in AM0 medium) to 5N gas in McCartney vials and for their subsequent digestion and analysis. The samples were incubated for 2 h at 26 "C under a gas phase comprising N2/A/C02 (30 :69.96 :0-04, by vol.) with a 60 atom % enrichment of the nitrogen with 15N. Controls comprised sterile AM0 medium exposed to the I5N enriched gas phase and samples of Mycopfana incubated under the gas phase without 5N enrichment. A VG Micromass 601 mass spectrometer was used to analyse for lsN enrichment.
Efect ofcarbon sources on nitrogenase activity. A range of carbon sources (see Results) were substituted for the glucose/succinate combination in media AM50 and AMO. Mycopfana dimorpha LL-C4 was inoculated into 15 ml of the variously substituted liquid media contained in McCartney vials and incubated aerobically at a p o t of 0.05 atm at 28 "C with shaking. Growth was estimated after 4 and 7 d by measuring the increase in turbidity of samples removed from the cultures at 540 nm using a Pye Unicam SP600 spectrophotometer. Nitrogenase activity was determined in the substituted AM0 series and after 2 and 4 d. The samples were incubated with acetylene for 1 and 6 h.
Efect of diferent oxygen concentrations on nitrogenase activity. The influence of a range of sub-atmospheric oxygen concentrations on nitrogenase activity by Mycopfana dimorpha LL-C4 was studied. Samples of a dilute N2-fixing liquid culture grown at a p 0 2 of 0.05 atm were dispensed into McCartney vials fitted with serum caps. These were exposed with shaking at 28 "C to p 0 2 in the range 0 to 0.1 atm. Nitrogenase activity in replicate vials was followed during a 4 h exposure to the oxygen regimes. Longer-term effects were studied by exposing cells to pOz in the range 0 to 0.1 atm for periods of 20 and 40 h.
The influence of changing oxygen regimes on nitrogenase activity was also investigated. Cultures grown under a p 0 2 of 0.05 atm were either: (i) incubated under pure nitrogen for 40 h and then flushed with a gas mixture with a p02 of 0-025 atm, or (ii) incubated under a p 0 2 of 0.025 atm for 40 h and then reflushed with the same gas mixture or with pure nitrogen, or (iii) incubated under a pOz of 0-05 atm for 40 h and then reflushed with the same gas mixture or with pure nitrogen.
Where rates of acetylene reduction are expressed on a dry weight basis, samples of the cultures were filtered on to 2.5 cm diameter GS type membranes (Millipore), pore size 0.22 pm, and dried to constant weight at 90 "C.
ESfect of' dizerent ammonium and nitrate concentrations on growth and activity. One ml quantities of freshly prepared filter-sterilized stock solutions of (NH&SO, or KNO, were added to sterile AM0 liquid medium contained in Erlenmeyer flasks to give known final concentrations in the range 0 to 150 mg N 1-l. The flasks were inoculated with a uniform suspension of Mycopfana dirnorpha LL-C4 and incubated at 28 "C for up to 10 d, either aerobically in static and shake culture, or at a p o t of 0-05 atm. Growth was estimated spectrophotometrically and nitrogenase activity by the acetylene reduction technique.
RESULTS

Screening of actinomycetes and Mycoplana strains for nitrogenase activity
The defined medium containing ammonium (AM50) supported growth of all strains, but few strains were able to grow on the medium lacking combined nitrogen (AMO) ( strains of Nocardia brasiliensis, N . opaca, Oerskouia turbata, and two Streptomyces isolates, were able to grow on solidified AM0 medium. However, none of these strains showed nitrogenase activity even when grown and asayed under sub-atmospheric oxygen concentrations. They, presumably, were able to utilize traces of combined nitrogen carried over at inoculation, or present in the agar or gas phase. In contrast, most strains of Mycoplana grew on AM0 and showed nitrogenase activity under aerobic conditions and at p 0 2 values below 0.2 atm as indicated by the acetylene reduction technique. 
Dinitrogen Jixation by Mycoplana
One of the strains showing nitrogenase activity, Mycoplana dimorpha LL-C4, was selected for more detailed study.
Nitrogen fixation by M . dimorpha LL-C4 was confirmed by the 15N tracer technique. Samples of an aerobically-grown static liquid culture exposed to I5N2 under anaerobic conditions for 2 h showed a mean atom % 15N enrichment of 0.430, compared with a natural enrichment of 0.366 in control samples of Mycoplana which were not exposed to the 15N gas phase.
The influence of various factors on nitrogenase activity in M . dimorpha LL-C4 was also studied. Growth and nitrogenase activity were optimal at 30 "C ( f 2 "C) and between pH 6.5 and 7.5. Good growth and nitrogenase activity occurred when L-arabinose, ethanol, D-glucose, sodium lactate or sodium succinate were provided as sole carbon sources. In contrast, D-fructose, maltose and sucrose gave poor growth and nitrogenase activity. The cell yield of M . dimorpha (LL-C4) increased exponentially with increasing concentrations of ammonium up to 50 mg N 1-l ( Fig. 1) and growth was always better on ammonium than in combined-nitrogen-free medium, regardless of the oxygen regime. An ammonium concentration of 15 mg N 1-' totally suppressed nitrogenase activity. In contrast, concentrations of nitrate up to 150 mg N 1-l did not support substantially greater growth than that obtained in combined-nitrogen-free cultures. Preliminary screening studies suggested that nitrogenase activity in Mycoplana cultures might be stimulated by sub-atmospheric concentrations of molecular oxygen, a view also supported by the observation that cultures with good levels of nitrogenase activity could be more reliably produced by growing them at an initial p 0 2 of 0.05 atm rather than in air. The influence of oxygen concentration on nitrogenase activity was therefore investigated further. Nitrogenase activity in M . dimorpha LL-C4 previously grown at a p 0 2 of 0.05 atm was progressively stimulated by decreasing oxygen concentrations over a 4 h period (Fig. 2) . Little activity was detected at oxygen concentrations above 0.06 atm.
However, Mycoplana dimorpha LL-C4 was not able to grow in slope or stab cultures incubated under anaerobic conditions. Therefore, cultures were incubated under a range of oxygen concentrations for 20 and 40 h and then assayed for nitrogenase activity. There was no activity in the absence of oxygen and the highest rates occurred at 0.025 atm oxygen (Fig. 3) . Loss of nitrogenase activity with prolonged incubation under anaerobic conditions was reversible. Samples from a culture grown under a pOz of 0.05 atm were transferred to anaerobic conditions for 40 h; nitrogenase activity was re-established after a short lag by transfer to 0.025 atm oxygen (Fig. 4a) . When samples of the culture grown under 0.05 atm oxygen were transferred to 0-025 atm, nitrogenase activity was initially high. The decline in activity after 40 h was temporarily 
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reversed by reflushing with a gas mixture with a pOz of 0.025 atm oxygen, but not by reflushing with pure nitrogen (Fig, 4b) . If samples from the culture grown under 0.05 atm oxygen were maintained at this oxygen tension and reflushed with the same gas mixture after 40 h, the steady increase in nitrogenase activity was resumed after a short initial drop in the rate immediately after reflushing (Fig. 4c) . However, when samples were reflushed with nitrogen instead of 0.05 atm oxygen, there was a short-term stimulation of nitrogenase activity, but the rate then dropped below that in the samples maintained under 0.05 atm oxygen. These results suggest that although nitrogenase activity is optimum under anaerobic conditions in the short-term, it is dependent on reductant and/or ATP generated by aerobic respiration. Under the experimental conditions used here, an oxygen concentration of approximately 0.025 atm appears best to drive aerobic respiration at a rate sufficient to meet the energy requirements of nitrogen fixation, while not disturbing the oxygen protection mechanism of the nitrogenase complex. The nitrogenase activity detected in Mycoplana strains grown on solid medium or in static liquid culture under aerobic conditions could be explained by decreased oxygen tensions within the mass of the individual colonies or in the liquid medium as a result of respiratory activity. Nitrogenase activity in samples of aerobic static liquid cultures of Mycoplana dimorpha LL-C4 was lost by vigorous shaking in air.
DISCUSSION
It has been shown for the first time that species of the genus Mycoplana are capable of dinitrogen fixation. The rates of acetylene reduction (Fig. 3 ) are low compared with those for other free-living bacteria, but higher than values reported for liquid cultures of free-living Rhizobium sp. 'cowpea' strain 32 H1 (Tjepkema & Evans, 1975) . Although Mycoplana species are apparently obligate aerobes, sustained nitrogenase activity is dependent on the maintenance of microaerobic conditions. Little is known about the ecology of this genus, but most strains originate from soil, where they probably represent another component of the free-living, nitrogen-fixing population.
Nitrogenase activity was demonstrated in eight Mycoplana strains, including type cultures of M . dimorpha (NCIB9439) and M . bullata (NCIB9440). The genus was erected by Gray & Thornton (1928) and these cultures were deposited by the senior author. However, the two cultures deposited in the American collection ( M . dimorpha ATCC 4279, M . bullata ATCC 4278) failed to show nitrogenase activity. Therefore, the strains from NCIB and ATCC are either different, or the latter have lost the facility to express nitrogenase activity.
Mycoplanu strains were originally included in this study because some workers have included the genus in the Actinomycetales (Gray & Thornton, 1928; Sukapure et al., 1970; Cross & Goodfellow, 1973) . However, the relationship of these Gram-negative, motile, branching bacteria to actinomycetes is questionable. In the 7th edition of Bergey's Manual of Determinative Bacteriology, Mycoplana was placed in the Pseudomonadaceae (Breed & Smith, 1957) ; it was omitted from the 8th edition (Buchanan & Gibbons, 1974) . Results from their DNA-RNA hybridization studies on M . dimorpha NCIB 9439 and M . bullata NCIB 9440 led De Smedt & De Ley (1977) to conclude that these organisms were remote relatives of the family Rhizobiaceae, which contains many nitrogen-fixing species. However, the taxonomic implications of nitrogenase activity should not be over-estimated as it occurs in free-living, aerobic bacteria which belong to different rRNA superfamilies (De Smedt et ale, 1980) . Nitrogenase activity was not detected in any of the strains which are unequivocally actinomycetes, even when growth was initially stimulated by the addition of ammonia and incubation carried out under sub-atmospheric pols. Most common soil genera were represented, including Nocardia calcarea NCIB 8863 in which Hill & Postgate (1969) were also unable to detect nitrogenase activity, despite an earlier claim that it fixed dinitrogen (Metcalfe & Brown, 1957) . A few strains grew on agar media without added combined nitrogen but further testing of these at low p 0 2 with the various carbon sources which supported growth and nitrogenase in Mycoplana dimorpha LL-C4 still failed to stimulate nitrogenase activity. Thus, although Frankia Nitrogenase in Mycoplana 2079 species fix nitrogen when growing as root endophytes and in vitro, there is still no clear evidence that free-living actinomycetes have this ability. It is hoped that the demonstration of nitrogenase activity in Mycoplana will stimulate further studies on the physiology and ecology of this neglected genus.
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